Background: Poorly preserved biological tissues have become an important source of DNA for a wide range of zoological studies. Measuring the quality of DNA obtained from these samples is often desired; however, there are no widely used techniques available for quantifying damage in highly degraded DNA samples. We present a general method that can be used to determine the frequency of polymerase blocking DNA damage in specific gene-regions in such samples. The approach uses quantitative PCR to measure the amount of DNA present at several fragment sizes within a sample. According to a model of random degradation the amount of available template will decline exponentially with increasing fragment size in damaged samples, and the frequency of DNA damage (λ) can be estimated by determining the rate of decline.
Background
An increasing number of zoological studies use DNA derived from poorly preserved, decomposed or ancient tissue sources -examples include ecological studies using genetic material from faecal samples [e.g. [1, 2] ], wildlife forensic investigations examining processed animal products [e.g. [3] ], and evolutionary studies using DNA from historic museum skin collections [e.g. [4] ] or fossilized bones [e.g. [5] ]. Often only small amounts of DNA can be extracted from such samples and it is invariably highly damaged. In the absence of normal cellular processes, DNA strand breakage rapidly begins to occur as a result of endogenous endonuclease activity and spontaneous depurination [6] . Depending on the ambient conditions further strand breaks, oxidative damage and molecular crosslinks accumulate [7] [8] [9] . Assessing the extent of damage is difficult, especially when the DNA of interest is present in a sample containing DNA from several different sources. However, determining DNA quality is desirable in many situations, as reflected by the variety of approaches that have been used to measure DNA damage [4, 7, [9] [10] [11] [12] [13] [14] [15] .
Qualitative estimates of DNA fragment sizes can be obtained through gel electrophoresis followed by visualisation of fragments [e.g. [7, 12] ]. This approach is simple but has limited sensitivity and, because it does not differentiate between fractions of the DNA extractions, it is generally only useful if all DNA present has been equally degraded. Another approach commonly used to assess DNA quality is through observations of the decrease in PCR amplification signal from PCR targets of increasing sizes [e.g. [4, 16, 17] ]. Since double-strand breaks and many other forms of DNA damage block the extension step of PCR [8, 14] , the ability to recover large fragments via PCR indicates relatively low levels of DNA damage. By determining the maximum amplifiable fragment size in different samples it is possible to compare relative amounts of DNA degradation. There are several related PCR-based methods used to measure DNA damage incurred by exposure to mutagenic compounds [10, [18] [19] [20] . These techniques, often called PCR-stop assays, measure gene-specific damage by quantifying the decrease in the number of molecules that can be amplified following a particular genotoxic treatment. A limitation of the currently used PCR-stop assays is that the total amount of target DNA has to be quantified using PCR independent means, or else a dose-response curve needs to be constructed. This precludes their use in a number of situations, such as when the DNA of interest is present at low concentrations or in a mixture with non-target DNA.
Here, we extend the existing PCR-based methods by proposing an experimental strategy that can be used to quantify gene-specific DNA damage in dilute, mixed template samples. The approach uses real-time quantitative PCR (qPCR) to measure the amount of amplifiable target DNA for fragments of various sizes within a single sample. If DNA damage occurs according to a random Poisson process at a rate of λ, then there is expected to be an exponential decline in the amount of amplifiable product with increasing product size, and the rate of decline is sharper for higher values of λ ( Figure 1 ). By fitting a model of random degradation to the qPCR data, it should be possible to estimate the frequency of polymerase blocking DNA damage ( Figure 2 ).
In order to provide an initial assessment of our proposed method, we estimate the frequency of DNA damage in DNA extracted from faeces. Faeces contain DNA from a variety of sources, including DNA from the defecating animal, ingested food, parasites and gut microorganisms [21, 22] . Of particular interest to zoologists are the DNA from the defecating animal, which can be used as a noninvasive source of DNA from wild species [1, 23] , and DNA from ingested food, which can be used to study diet [24] . DNA from animal food sources are expected to be highly degraded since these tissues are usually fully digested after passing through the complete digestive system. In comparison, DNA from the defecating animal should be slightly less degraded because this component largely originates from cells shed along the lower digestive tract. We examine DNA extracted from 10 faecal samples Theoretical proportion of amplifiable fragments versus ampli-con size after a random degradation process Figure 1 Theoretical proportion of amplifiable fragments versus amplicon size after a random degradation process. Results are shown for cases in which the probability of a nucleotide being damaged (λ) is: 0.00125, 0.0025, 0.005, 0.01 or 0.02. collected from captive Steller sea lions (Eumetopias jubatus) that had been fed Pacific herring (Clupea pallasii). In each sample the amount of sea lion and herring DNA is quantified using species-specific primer sets that amplify fragments of five different lengths. We evaluate if a model of random degradation fits the data and then estimate the frequency of damage in the predator and prey DNA components (see Figure 2 and Methods section).
Results and Discussion
As expected with degraded DNA template, the amount of amplifiable DNA was inversely related to PCR product size for all targets amplified from the faecal DNA extracts ( Figure 2c ; Table 1 ). Expressed as copy number per milligram of extracted faecal matter, the samples contained on average 123209 copies (range 19398 -281880) of the 61 bp sea lion fragment compared to only 8917 copies Overview of the approach for quantification of DNA damage (Table 1) .
Results from fitting the random degradation model (see Methods section) to the data for each sample and target species indicate that the model describes the data well, with R 2 values generally above 0.90 ( Figure 3 ; Table 1 ). The process of DNA degradation will be sample specific, but within any sample, damage that prevents PCR amplification will be caused by a large variety of mechanisms. Therefore, we expect that degradation will essentially be random in a wide variety of highly degraded DNA samples. In the faecal samples, the estimated probability of a nucleotide being damaged (λ) varied between samples for a given target species (0.0066 to 0.0148 for sea lion DNA; 0.0086 to 0.0222 for herring DNA). Within a sample, the λ estimate for herring was always greater than that for sea lion (Figure 3 ). On average, the frequency of damage was 1.7 times greater for the herring DNA compared with the sea lion DNA from the same sample; a paired t-test indicates the difference in λ values is significant (t = 8.4 with 9 df, p < 0.001). The mean fragment size in each sample can be estimated by 1/λ (Table 1) . Averaging over all sam- Quantitative PCR results and estimates of DNA damage in faecal DNA ples, the mean fragment size for the herring DNA is 61 bp versus 101 bp for the sea lion DNA.
There is no obvious relationship between amount of DNA (log(N)) and level of degradation (λ). Correlation between log(N) and λ for sea lion is -0.06; for herring it is 0.76 but this is being driven by two samples (4 and 10) with very low amounts of herring DNA. Leaving these two points out gives a correlation of -0.53.
A decrease in PCR signal with an increase in the length of the product could result from selective inhibition of longer PCR amplifications caused by the coextraction of inhibitory chemicals rather than the absence of undamaged DNA in samples [e.g. [25] ]. To determine if extract induced PCR inhibition could have affected the results of the current study we spiked known amounts of herring DNA into faecal extracts containing no endogenous herring DNA. We found no evidence of inhibitory effects caused by chemicals in the three sea lion faecal DNA extracts that we tested ( Figure 4 ).
While it is well known that short fragments are present in larger amounts than long fragments in degraded DNA samples, the formalization of this relationship clarifies the relative nature of quantitative measurements obtained when analysing degraded templates using qPCR (i.e. the estimated amount of DNA will vary with marker size in a sample-specific fashion). This means that comparisons of DNA quantity (within and between samples) are dependent on the size of the fragments targeted by qPCR. This can have practical implications -for example, a previous study [1] used qPCR targeting an 81 bp nuclear gene fragment in order to determine the amount of chimpanzee nuclear DNA present in faeces collected from wild chimpanzees. When the measured amount of DNA was low, the quantity of 81 bp DNA was not a good indicator of the ability to recover chimpanzee microsatellite markers which were 101-266 bp in size. This indicates the level of DNA degradation differed between samples, and that quantitative pre-screening of non-invasive DNA extracts should target fragments at least as large as the markers to be used in the final screening.
Our quantitative estimates show that there is less prey DNA compared to predator DNA in sea lion faeces for all PCR fragment sizes tested. Previous studies [23] have found the low quantity of predator DNA in faeces problematic, which suggests that the even more limited amount of prey DNA may be a serious difficulty for DNAbased diet studies relying on faecal samples. Fortunately, multi-copy nuclear or mitochondrial genes are usually appropriate markers for diet studies, as opposed to the single-copy markers which are often targeted for studies on the predator. This advantage may allow for reliable recovery of prey-specific DNA sequences from faecal samples. In DNA-based diet studies, the appropriate size of a PCR target is a trade off between the amount of information obtained from the DNA (usually directly related to fragment size) and the quantity of template DNA available (inversely related to fragment size). The model we have presented can be used to predict the approximate amount of DNA present for a given fragment size (based on an appropriate λ value and at least one quantitative PCR measurement from a sample). This will allow for an objective appraisal of optimal PCR target size for samples of differing quality.
In ancient DNA work it has been recognised that an assessment of both the amount of DNA present and the amount of damage in a sample is useful in order to define the limits of subsequent analyses and the authenticity of the sample [7, 9] . There are two ancient DNA study we are aware of which have quantified the number of fragments of different lengths present in samples [17, 26] . The first study analysed three different fragments (114, 252 and 522 bp) of sloth mtDNA from a late Pleistocene sloth coprolite [17] . The largest fragment size examined contained on average only 0.5 ± 0.5 copies of DNA. With almost zero copies and such a large relative error, this point is not informative for quantification of damage; however, based on the other two points we can estimate the probability of a nucleotide being damaged (λ) to be 0.033, meaning an average fragment size of about 30 bp. Although this estimate is likely inaccurate due to the limited data, it is consistent with our a priori expectation that ancient faecal DNA would be considerably more degraded than modern faecal DNA ( Figure 5 ). In the second study, DNA recovered from a well preserved mammoth bone was examined [26] and mtDNA molecules were quantified for six different fragments sizes (84, 151, 297, 490, 677 and 921 bp). The resulting data are highly consistent with the random degradation model (R 2 = 0.99, λ = 0.007). The λ value is indicative of ancient DNA in remarkably good condition, with an average fragment size of 150 bp ( Figure 5 ). The data from these studies demonstrate that the approach we have outlined is useful for determining DNA damage in molecules from ancient sources and will allow for meaningful comparison of DNA damage in samples from different studies.
Another potential application of our methodology is in studies on the process of DNA decay. While DNA damage should correlate with age of template, the connection is often somewhat unclear [9, 14, 27, 28] . A possible reason in some studies is that quantity is being used as a proxy for quality [12, 15] . The problem with doing so is that the high variance in the amount of DNA between different samples can obscure the decrease in the amount of DNA over time. Our results showed a roughly 10-fold variance in amount of DNA between samples, whereas the variance in λ values was only 2-fold. This suggests that DNA decay might be better studied by determining DNA degradation in samples of different ages rather than focusing on the amount of DNA present. Several studies on DNA decay have used various biochemical assays to measure DNA degradation [7] [8] [9] . While these studies provide valuable information on the chemical process of DNA decay, the methods they employ are often not easily accessible. Our technique should be more accessible and could be modified to allow for the quantification of various forms of DNA damage. For example, the frequency of cytosine deamination could be quantified through comparison of the original sample with aliquots treated with uracil Nglycosylase [29] . Other forms of damage could also be measured using other lesion-specific endonucleases (or chemical equivalents) or lesion-specific repair enzymes [7] .
Conclusion
In this article we presented a PCR-based approach for quantitative measurement of gene-specific DNA damage in highly degraded, mixed template samples. The method was used to estimate the amount of DNA damage in two components of DNA extracted from sea lion faeces: prey DNA (expected to be highly degraded) and predator DNA (expected to be slightly less degraded). The distribution of fragment lengths in these faecal DNA templates fit well with our assumption of a random degradation process, and differences in the estimated frequency of predator versus prey DNA damage within samples were congruent with expectations. The data highlight the rapid decrease in copy number as fragment size increases in these samples, and show that predator DNA is more prevalent than prey DNA in sea lion faeces. Based on this initial assessment, we envisage that the general methodology could be applied to study a variety of degraded DNA templates. This will allow researchers to evaluate alternate sources of DNA, different methods of sample preservation and different DNA extraction protocols. The technique should also be more accessible than alternate biochemical methods for studying the process of DNA decay.
Methods

DNA Samples
The sea lion faecal samples are a subset of those from a previous study [30] . Ten samples were analysed for endogenous DNA from sea lion and Pacific herring. These samples were collected from captive sea lions being fed a diet consisting of 47% herring by mass for a period of at
Plots showing estimated proportion of amplifiable fragments versus amplicon size for various DNA extracts Figure 5 Plots showing estimated proportion of amplifiable fragments versus amplicon size for various DNA extracts. The predator and prey faecal DNA curves use the mean λ values determined in the current study for sea lion DNA (λ = 0.0106) and herring DNA (λ = 0.0176). The ancient faecal DNA λ was estimated from published data [17] on the quantity of sloth mtDNA in a late Pleistocene sloth coprolite (λ = 0.033). The mammoth DNA λ (0.007) was also estimated from published data [26] .
least 48 h before collection and were previously shown to contain herring DNA [30] . Three additional sea lion faecal samples were collected from animals being fed a diet of 100% walleye pollock (Theragra chalcogramma). These samples were used in spiking experiments for the analysis of length inhibition (see section below). Sample storage and DNA extraction for the sea lion samples has been described previously [30] .
Primer design
PCR primers which amplify fragments from the 3' region of the mitochondrial 16S gene (large subunit rDNA gene) were designed using the software Primer3 [31] . For each target, a common forward primer was selected for use with five reverse primers, producing products in the range of 61-357 bp (Figure 2a ). Primer sequences and product sizes are given in Table 2 . The primers were designed with reference to aligned sequences from the sea lion and all fish species in the sea lions' diet. The forward primers were specific to the target species (i.e. they bind to regions conserved within but not between species) and the specificity of the primer sets was tested empirically against non-target DNA. The herring primer sets were tested against three faecal extracts from sea lions fed only pollock, and the sea lion primers against herring genomic DNA. None of the primers amplified products from the non-target templates tested, and melting curve analysis performed on products obtained during qPCR indicated that each primer set produced a single product.
In general, when using the outlined methodology to quantify DNA damage in highly degraded samples, it is best to determine copy numbers for small fragments. This is because the copy number will decrease rapidly as fragment size increases and qPCR measurements at low copy numbers (< 100 copies per reaction) are inaccurate due to the larger relative impact of stochastic factors in PCR [32] . Another concern is the potential influence of reconstructive polymerization when the amount of template is low and competition for reaction components is minimal [33] .
Quantification of mtDNA
The quantity of extracted 16S mtDNA was estimated using SYBR ® Green based qPCR assays. Amplifications were run using the Chromo4™ detection system (MJ Research). The PCR mix (20 μL) consisted of 10 μL QuantiTect ® SYBR ® Green PCR mix (Qiagen), 0.5 μM of each primer, 1 × BSA (New England Biolabs) and 4 μL template DNA (diluted 1:5). Thermal cycling conditions were: 94°C for 15 min followed by 35 cycles of: 94°C, 30 s/55°C, 30 s/72°C, 45 s; optical data was acquired following each 72°C extension step (Figure 2b) . A subset of samples was separated on 1.8% agarose gels to confirm products were of the expected size and to ensure no primer dimers were present.
A plasmid standard encompassing the relevant 16S mtDNA region was generated from genomic DNA for each target species. This was accomplished by amplifying the region using the conserved primers (16S1F GGACGA-GAAGACCCT and 16Sbr-3' CCGGTCTGAACTCAGAT-CACGT) and cloning the PCR products using the TOPO TA cloning kit (Invitrogen). Plasmid DNA was isolated by alkaline lysis and the concentration of plasmid DNA was determined by fluorescence of PicoGreen (Molecular Probes) in a PicoFluor fluorometer (Turner Designs). Standard curves were generated using a 5-fold dilution series of plasmid encompassing the concentration range of the faecal template. Separate standard curves were constructed for each of the different sized PCR amplifications and for each target species. Independent curves were calculated during each PCR run. For each assay there was a linear relationship between the log of the plasmid DNA copy number and the C t value over the concentration range of the standards (mean R 2 = 0.994). The binding site for the 327 bp sea lion reverse primer was incomplete in the plasmid control, so quantification of this DNA frag- CAAGTCAACCAAAACGGGATA  CACCCCAACCTAAATTGCTG  61  TCACTCGGAGGTTGTTTTGTT  91  CTTGTTCCGTTGATCAAAGATT  163  TCGAGGTCGTAAACCCTGTT  230  GATTGCTCCGGTCTGAACTC  327  Herring  ACCAATCACGAAAAGCAGGT  CGAAGACGTTTGTGCCAGTA  69  TAGGGTAGCCCCAATCCTCT  123  GCATGTAGCCGGATCATTTT  184  GGATTGCGCTGTTATCCCTA  226  AATAGCGGCTGCACCATTAG  304 ment was based on the standard curve generated for the 230 bp sea lion fragment.
For individual extractions, the complete set of fragment sizes for a particular target was quantified in a single run (using a PCR reagent mix differing only in primer composition). This minimized the variation in reaction conditions between the different sized fragments that were being compared. Two independent runs were carried out for each assay. For quantitation, the threshold cycle (C t ) was set at ten standard deviations above the mean fluorescence over cycle range 1-10. To avoid contamination with undamaged DNA, faecal DNA template was added to tubes first and their caps were sealed before plasmid DNA was added to appropriate standard tubes in a separate room. Aerosol-resistant pipette tips were used with all PCR solutions, and template free negative control reactions were included for each unique PCR mix. None of our negative control samples produced fluorescence signals that reached the threshold detection level in 35 cycles.
Model for quantitative estimates of DNA damage
DNA damage resulting in strand breaks or chemical modifications that would prevent PCR amplification can be caused by a number of mechanisms. We assume that in highly degraded samples such DNA damage occurs according to a random Poisson process at a rate of λ per nucleotide (i.e. λ is the probability of a nucleotide being damaged). The resulting distribution of undamaged fragment sizes (x) is defined by an exponential distribution with parameter λ:
This model has been used to characterise DNA damage induced by some mutagenic agents [10, 19] , and a very similar model has been used to describe random fragmentation resulting from DNase I digestion [34] . It follows from the properties of an exponential distribution that the average undamaged fragment size is 1/λ, and that the variance of undamaged fragment sizes is 1/λ 2 .
Since PCR will amplify any DNA which is undamaged in a region equal to or greater in size than the target region, we are interested in the probability of a fragment of size × or greater being present. This is given by e -λx , the complement of the cumulative exponential distribution. In a PCR designed to amplify a target region of size × (i.e. amplicon size × bp), the expected proportion of amplifiable copies is e -λx . Thus, as product size increases, there is an exponential decline in the proportion of amplifiable product and the rate of decline is determined by the value of λ ( Figure  1 ). If the total number of DNA copies present in the sample is N, then the expected number of amplifiable copies, denoted by A x , is Ne -λx . Using a logarithmic transformation this relationship can be expressed in linear form as:
log(A x ) = log(N) -λx 2
The observed value of A x will vary due to the random nature of the degradation process. If the process is truly Poisson, then the amount of variance can be calculated theoretically -in theory, A x is binomially distributed with sample size N and 'success' probability e -λx , so the variance is Ne -λx (1-e -λx ). However, the variability observed in practice is expected to be greater because the degradation process is not likely to follow a Poisson process exactly and, even if it did, there will be experimental measurement error. Here we assume that the error in log(A x ) is normally distributed with mean 0 and variance σ 2 ; this is consistent with previous studies [10] . Assuming this error structure, equation 2 can be fit using simple least-squares regression (Figure 2d ).
For each of the ten sea lion faecal samples, we obtained two estimates of copy number (A x ) corresponding to five fragment sizes (x) for both sea lion (predator) DNA and herring (prey) DNA. We fit the model given in equation 2 to the data from each sample and target species to obtain estimates of log(N) and λ, with λ being the parameter of key interest. Coefficients of variation for the parameter estimates and R 2 values were also obtained for each of the model fits.
Analysis of length-inhibition
To investigate the potential inhibitory effects of the faecal DNA extracts on PCR we carried out spiking experiments. This involved adding known amounts of undegraded herring DNA (3380 or 13520 copies of the plasmid control) to sea lion faecal DNA extracts that contained no endogenous herring DNA (n = 3). The amount of recoverable herring DNA of the five sizes was estimated as outlined above.
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